Wireless sensor network consists of energy-constrained sensor nodes that are densely distributed in a monitoring area. Therefore, how to effectively use the energy of nodes to prolong the network lifetime becomes a key research topic. A grid-based unequal clustering algorithm for the multi-hop routing is proposed in this paper, in which the monitoring area is divided into virtual grids with different sizes. The algorithm provides a new estimation of the optimal number of grids. A cluster head selection method among the sensor nodes within the unique grid is adopted and modified. A multi-hop routing is designed for the communication between clusters. Simulation results show that the algorithm balances the energy consumption of the entire network and prolongs the network lifetime effectively.
INTRODUCTION
Wireless sensor networks (WSN) has developed rapidly in recent years. With a very broad application prospects, it has a potential value in many different fields such as the military defense [1] , the industrial and agricultural production [2] , and the medical treatment [3] , the things of internet [4] , etc. However, sensor nodes have not only limited resources including the energy and the storage memory, but also limited processing and communication capabilities. How to balance energy consumption and extend the network lifetime have attracted much research attention. A large number of energy efficiency routing protocols and algorithms have thus proposed in the literature.
LEACH [5] is a typical WSN uniform clustering routing protocol, which uses the random clustering and periodically replaced the cluster heads. Cluster heads communicate with the base station using a single hop, which makes nodes far from the base station will consume too much energy. Meanwhile, the frequent clustering consumes more energy. Chengfa Li et al. [6] have designed an Energy-Efficient Unequal Clustering protocol (EEUC), utilizing the inter-cluster multi-hop to transmit data. In order to balance the energy consumption, the protocol uses a non-uniform competition radius to form the clusters different sizes, where clusters near the base station have small sizes. Zhumin et al. [7] have proposed a routing algorithm based on the virtual grids Clustering (CRVB). It divides the network area into virtual grids. A cluster head communicates with the base station via multiple hops and each cluster can communicate simultaneously. In CRVB, the cluster size is the same, which brings the problem called 'hot spot' due to the more energy consumption of the cluster heads near the base station which need to forward data from other cluster heads.
To solve the 'hot spot' problem, we propose a Grid-Based Unequal Clustering (GBUC) multi-hop routing algorithm for WSN. Firstly, based on the estimation of the optimal number for equal clusters proposed in literature [7] , we extend it for the unequal clustering in this work; Secondly, the grid number Gridnum of the network is set close to the estimated optimal number of clusters and an arithmetic sequence is used for the unequal clustering of the entire monitoring area; Thirdly, a unique cluster head selection method is used to select the cluster head; Each cluster head selects the least costly adjacent cluster head within their communication range as the next hop except its parent node. Finally, the inter-cluster multi-hop routing is adopted to save the energy.
The rest of the paper is organized as follows. In section 2, we present the problem definition and the network model. Section 3 presents the proposed GBUC algorithm. We evaluate our algorithm by experiments and summarize the obtained results in section 4. Finally, section 5 concludes this paper.
II. THE PROBLEM DEFINITION AND THE NETWORK MODEL
The grid-based unequal clustering needs to address the following problems: 1) how to determine the optimal number of clusters; 2) how to calculate the size of the cluster; 3) how to select a unique cluster head ; 4) how to compute the multi-hop routing among the cluster heads.
We use the same wireless communication energy model and assumptions defined in literature [5] . Both the free space (with d 2 power loss) and the multi-path fading (with d 4 power loss) channel models are used in the model. The consumed energy of a node sending k bits of data to another node with the distance d is calculated as follows:
and to receive this message, the consumed energy is:
Where d0 is a threshold distance and εelec is the electronic energy. εfs is the free space module coefficient and εmp is the multipath module coefficient.
III. THE GRID-BASED UNEQUCAL CLUSTERING MULTI-HOP ROUTING ALGORITHM
A. The Virtual Grids Generation As shown in Figure 1 , the algorithm divides the monitoring area into uneven grids, N nodes randomly distribute in an R × R square area and nodes in the same grid join a cluster. The number of grids Gridnum is decided by an estimated optimal number of clusters, which ensures the optimal number of clusters to cover the entire monitoring area. Gridnum is defined as:
Copt is the optimal number of clusters.  opt C  equals the nearest integer m after rounding. The X-axis and Y-axis in the monitoring area are divided into m parts according to an arithmetic sequence. Assuming the equal difference is d, we set the first item a1 (the length of grid nearest to base station) is R/10. R is the total side length. Then the d can be calculated :
The monitoring area is thus be divided into m×m unequal clusters, where the cluster size increases as the distance increases to the base station. Figure 1 shows the unequal clustering of the monitoring area. Firstly, we need to estimate the optimal number of clusters Copt. In [7] , Copt is calculated based on the derivation for the grids with an equal size. For the R × R square monitoring area, the total energy consumption of the network:
where C is the number of equal clusters, Etotal is the total energy consumed by the network. Ehead, Enonhead represent energy consumed by the cluster head node and the non-cluster head, respectively. εda is the fusion rate. k represents the number of packets sent in each round. dtoBS is the distance between the base station and the cluster head. After the first-order derivative of C against Etotal, the optimal cluster number Copt can thus be achieved:
As for the unequal clustering, the above derivation cannot be directly used for the unequal clustering. We thus derivation the optimal clustering Copt for the unequal clustering in this paper. For the unequal clustering, the number of nodes included in each cluster is different. When calculating the number nodes in each cluster, the parameter dCi/deven should be added, where dCi is the distance between the cluster i and the base station, deven is the average of all the distances between the geometric center of every cluster in the network and the base station.
The number of nodes in each cluster is where di-BS is the distance between the cluster head i and the base station. As the distance between the member node and the cluster head is relatively close, so the free space model in the above formula (1) is adopted. Then each member node's energy consumption Enon -head is:
where dtoHead represents the distance between a member node and the cluster head. The energy consumption of one cluster in each round Ecluster is:
Then the total energy Etotal consumed by C clusters is:
where BS c d  represents the average distance from the cluster head to the base station. d 2 toHead can determined by its expectation [5] . Although the sizes of the cluster in this paper are inconsistent, but the expectation of d 2 toHead , the average is approximately equal, so E[d 2 toHead] in [5] can still be used.
If the Eq. (13) is substituted in Eq. (12), then C cluster consumes the total energy as:
Then the first-order derivative of C against Etotal in Eq. (14), i.e. dC dE total = 0, then the Etotal can be achieved:
From the above derivation, it can be concluded that when the number of clusters is equal to the optimal number of clusters Copt, the energy consumption Etotal can be the minimum, namely the optimal network lifetime.
B. The unique cluster head election method
As the unique cluster head selection method in [6] does not take the circumstance of 0 cluster head, we make the improvement as follows:
(1)A random number between 0 and 1 is produced for each node in a cluster and compared with the threshold T(N) [3] , if it is less than the threshold, the node is selected as a candidate cluster head in the present round. T(N) is calculated as follows:
N∉Gr p is the percentage of the cluster head number to the sum of all the nodes, r is the present round number, and Gr is the offset of member nodes which haven't been selected as the cluster head in previous rounds.
(2) If no candidate cluster head is found, then the nodes in the cluster with the remaining energy greater than 0 will be selected according to procedure (1) . If this step repeats twice, without a candidate cluster head is found, then the cluster is regarded as the dead.
(3) If only one candidate remained, the node will be selected as the cluster head.
(4) If the number of candidates is greater than 1, then the node with the smallest random number is selected as the cluster head.
C. The Multi-hop Routing
The EEUC [6] protocol uses the multi-hop communication between clusters. Each cluster head Ci chooses node of greater residual energy as the next hop node in two neighboring clusters of minimum relay distance in scope of competition of Ci. Relay distance function is defined as follows:
However it does not consider the effect of the number of nodes in neighboring clusters. For more member nodes, the cluster head consumes more energy. Besides, in EEUC, if the current node itself is selected as the next hop. This will lead to an infinitive loop of the data forwarding. Based on these observations, we improve the multi-hop routing as follows:(1) At first all cluster heads have no next hop and the status is marked as 0. A variable distance threshold T(d) as a competitive radius of each cluster head, T(d) is defined [6] :
where Rcomp is the maximum competition radius. Because the cluster size is different in our GBUC, the maximum radius of the competition is also varies. We thus define it as the follows:
where dmax and dmin represent the maximum and minimum distance of a node in a cluster to a base station, respectively. di-BS represents the distance of the current cluster head to the base station. c is a constant factor between 0 and 1. Ri = (2) From those cluster heads within the scope of competition, we select three cluster heads with a minimal relay distance;
(3) From the selected three candidates, select two cluster heads with the maximal remaining energy;
(4) From the two candidates, select the node as the next hop with smaller member nodes. If the node is the current cluster head itself, the current cluster head forwards data directly to the base statin.
IV. THE SIMULATION EXPERIMENTS AND COMPARISONS

A. Simulation Environment
We 
B. Comparison of Experimental Results
In this section, we compare GBUC with other two algorithms LEACH [5] and CRVB [7] in terms of the network lifetime and the energy consumption. As can be seen from Figure 2 , the proposed GBUC algorithm prolongs the network lifetime effectively. More nodes in the same region, the better the performance obtained by GBUC compared to LEACH. The network with more nodes leads more grids, the energy consumed tends to be more balanced. On the contrary, the network with smaller size will has less grids, the size difference between two grids is also small, which makes GBUC is similar to the equal clustering CRVB. Figure2 . The comparisons of the network lifetime and the energy consumption in each round for N=200,500 and1000
The energy consumption per round determines the length of the network lifecycle. As can be seen from Figure 2 , the total energy consumed per round of GBUC is lower than those of the other two algorithms. Both GBUC and CRVB are significantly better than LEACH. In summary, the GBUC algorithm performs better than LEACH and CRVB in terms of the network lifetime and the energy consumption.
V. CONCLUSION
In order to solve the 'hot spot' problem in WSN, a grid-based unequal clustering multi-hop routing algorithm GBUC has been proposed in this paper. In GBUC, we define a new expectation of the optimal clustering number. For the multi-hop routing, we consider not only the distance from neighborhood cluster heads to the base station and the residual energy, but also the node numbers in the cluster. Experimental results demonstrate the proposed GBUC can effectively balance the energy consumption and extend the lifetime of the network. This work can be extended for solving the dynamic routing problem in WSN.
